External fixation of distal tibial fractures is often associated with delayed union. We have investigated whether union can be enhanced by using recombinant bone morphogenetic protein-7 (rhBMP-7).
External fixation of distal tibial fractures is often associated with delayed union. We have investigated whether union can be enhanced by using recombinant bone morphogenetic protein-7 (rhBMP-7).
Osteoinduction with rhBMP-7 and bovine collagen was used in 20 patients with distal tibial fractures which had been treated by external fixation (BMP group). Healing of the fracture was compared with that of 20 matched patients in whom treatment was similar except that rhBMP-7 was not used.
Significantly more fractures had healed by 16 (p = 0.039) and 20 weeks (p = 0.022) in the BMP group compared with the matched group. The mean time to union (p = 0.002), the duration of absence from work (p = 0.018) and the time for which external fixation was required (p = 0.037) were significantly shorter in the BMP group than in the matched group. Secondary intervention due to delayed healing was required in two patients in the BMP group and seven in the matched group.
RhBMP-7 can enhance the union of distal tibial fractures treated by external fixation.
Distal tibial fractures are difficult to treat. External fixation has been shown to give acceptable functional results with fewer severe complications when compared with internal fixation by a plate and screws. 1, 2 In previous series, delayed union of the metadiaphyseal fracture has been a common finding, despite high levels of primary or early cancellous autografting. 1, 3, 4 Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-β (TGF-β ) group of polypeptides containing growth and differentiation factors, which induce formation of bone by promoting the differentiation of mesenchymal cells into chondrocytes and osteoblasts. At least 16 different BMPs are known, of which BMP-2 and BMP-7 are currently commercially available. [5] [6] [7] [8] Recombinant (Rh)BMP-7, also known as osteogenic protein-1 (OP-1), is strongly osteoinductive. 5 The therapeutic potential of rhBMP-7 has been documented in many animal experiments and clinical trials. It can effectively heal articular cartilage in dogs, 9 defects of the long bones in monkeys, 10 skull defects in rats, 11 accelerate the healing of tibial fractures in goats 12, 13 and induce spinal fusion in rabbits.
14 Its clinical efficacy has been shown in spinal fusion, 15, 16 tibial nonunion 17 and fibular defects.
18 It also appears to be able to compensate for the detrimental effects of nicotine on spinal fusion. 19 A preliminary report has shown enhanced healing of open tibial fractures in man. 20 We have examined the effect of rhBMP-7 on distal tibial fractures treated by external fixation. These are known to heal slowly and are often subject to numerous complications.
Patients and Methods
Between 1998 and 2004, 2904 tibial or malleolar fractures were treated in our hospital. Of these, 156 were tibial fractures within 5 cm of the ankle, in zone 43 of the Orthopaedic Trauma Association (OTA) 21 classification. Treatment was provided by a two-ring hybrid external fixator for 67 of these fractures (Figs 1 and 2 ). This is our primary method of treating OTA type-A and type C fractures in zone 43 of the tibia since they are too distal for satisfactory management by intramedullary nailing. Within this group 20 fractures also received osteoinductive treatment with rhBMP-7 and bovine collagen (BMP group). The number of patients treated was approved by the hospital, and the local ethics committee agreed to the study. A group of 20 patients was created from the remaining 47, who were matched for age to within 15 years, gender, type of fracture, the shape of the proximal fracture, the defect in the tibia, diaphyseal extension, fixation of the associated fibular fractures, the closed or open nature of the fracture, the post-reduction displacement and the smoking habit of the patient. Details of both groups are given in Table I .
Data concerning the mechanism of injury, the OTA fracture classification, the grade of open fractures according to Gustilo and Anderson, 22 operative management and post-operative recovery were prospectively collected by the treating specialists on a dedicated form. Medication, body mass index and concomitant illnesses were identified from the patients' records. Data concerning smoking habits were obtained by personal interview.
The operative technique and later treatment were similar in the two groups. In OTA type-C fractures, reconstruction of the joint line was carried out first using minimally-invasive techniques, as described by Tornetta et al. 23 This was followed by the application of a two-ringed hybrid external fixator used as a neutralisation device (Ilizarov; Smith & Nephew, Memphis, Tennessee). Olive wires were used to secure the distal fragment and 5 mm half pins for the diaphyseal fragment (Table I ).
In the BMP group the osteoinduction was stimulated with rhBMP-7 with bovine collagen as a carrier (Osigraft; Stryker Biotech, Limerick, Ireland), by applying the material into the fracture gap and over the proximal fracture line, at a mean of 18 days (5 to 47) from injury. One patient with multiple injuries with a high-energy open pilon fracture and a severe bony defect had two units of Osigraft mixed with cancellous autograft, and the other 19 received only one unit of Osigraft. The application time was dictated by the condition of the soft tissues. In type-C fractures the application was performed during the reconstruction and in type-A fractures it was done through a small incision at the site of the fracture. After application, the deep layers were closed with absorbable sutures and the wound was thoroughly washed with saline. The skin was closed with staples.
The bony defects were classified at the time of application of the external fixator according to the modified Wingquist-Hansen classification. 24 In one patient in the BMP group and in two in the matched group primary Radiographs showing a) a high-energy type-C2 fracture, b) treated by reconstruction of the joint line and external fixation, during which recombinant bone morphogenetic protein-7 was introduced into the fracture gap and over the proximal fracture, c) with healing by 20 weeks without further intervention. bone autografting was performed because of a metaphyseal bony defect. Radiological measurements. Routine anteroposterior (AP) and lateral digital radiographs were used to measure the radiological parameters from post-reduction and follow-up films with PCView 1.2 DICOM 3.0 software (Jons-Finland Oy, Heinävesi, Finland). The measurements were made by the first author (JR). Displacement of the metadiaphyseal fracture was measured from the post-operative radiographs by the method described by Green and Gibbs. 25 In order to determine the translation on both AP and lateral radiographs, lines were drawn from the external cortices of the proximal and distal fragments to the level of the fracture. The degree of true
Radiographs showing a) a low-energy type-C1 fracture temporarily fixed by an external fixator bridging the ankle, b) then by a non-bridging external fixator without the use of recombinant bone morphogenetic protein-7. There were no clinical or radiological signs of union after three months, and c) finally, union at 24 weeks after cancellous autografting and internal fixation. translation in mm was calculated according to the following formula:
where APtrans is the translation measured from the AP radiograph and LATtrans is the translation measured from the lateral radiograph. Assessment of union. This was assessed radiologically. All 40 sets of radiographs were read independently at one session by three of the authors (JR, ML and HP). Each was blinded to the interpretations given by the other assessors. All the assessors were instructed to define the fractures as united based on the presence of bridging callus at three of the four possible cortices and on the general appearance of the healing with trabecular bridging and remodelling such as to allow them to advise when the frame should be removed. In 18 cases (45%), all of the readers agreed. In 21 (52.5%), two of the surgeons agreed and the third's assessment did not differ by more than one month. In the latter cases, the time to union was defined by the two surgeons in agreement. In one case (2.5%), two surgeons agreed, but the third's assessment differed by two months. The radiographs were studied again in conference, with the third surgeon reaching agreement with the others. Union was defined as delayed when an additional operation was required to promote union. Follow-up. The patients were reviewed monthly until the fracture had united. The patients in the BMP group had routine monthly visits for six months and again at one year for assessment of any adverse effects which might have resulted from the treatment, giving a mean follow-up of 12 months (11 to 13). In the matched group, 18 patients were further reviewed after a mean time of 28 months (10 to 54).
One 72-year-old woman in the BMP group died from an unrelated cause six months after the injury. Her fracture had already united and the frame had been removed. At each visit radiographs were taken and adverse events were recorded. Clinical union and readiness for removal of the external fixator were defined by the treating surgeon as the absence of movement at the site of the fracture and the absence of pain on walking or when stress was applied to the fracture after removal of the connecting bars between the rings.
At the final review, the range of movement of the ankle was measured according to the method described by Lindsjo, Danckwardt-Lilliestrom and Sahlstedt. 26 Standing AP and lateral radiographs were taken of both legs, including both knees and subtalar joints. From these, the orientation of the joint line of the ankle was assessed by the method described by Paley.
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The fracture was considered to be malunited if therex was at least a difference of 10˚ in either the anterior or the lateral distal tibial angle compared with that in the uninjured tibia. Functional recovery was assessed by the Iowa ankle score. 28 A score of 90 to 100 points was considered to be excellent, 80 to 89 points, good; 70 to 79 points, fair; and < 70 poor. There was no assessment of osteoarthritis in our study because of the short follow-up time in the BMP group. An independent physiotherapist performed the clinical tests. Outcome measures. The evaluation of outcome was based on the time to radiological union of the fracture, the number of secondary interventions due to delayed healing, the duration of the application of the external fixator and the length of absence from work in those patients who were working at the time of injury. Statistical analysis. This was performed by a statistician using SPSS statistical software (version 10.0.5; SPSS Inc., Chicago, Illinois). Continuous variables were reported as means and ranges. The chi-squared test and Fisher's exact test were used for univariate analysis of categorical data. The Wilcoxon signed-rank test was used to compare the healing times of the fractures and other continuous variables between groups, and the McNemar test to compare the number of healed fractures at different stages. Two-tailed p-values were reported with a pvalue of ≤ 0.05 being considered significant. If a clinically significant reduction of unhealed fractures at a clinically relevant time point of 16 weeks is between 75% and 25%, 19 patients in each group are needed to show this in a case-controlled clinical study with a power of 80% ( β = 0.08, α = 0.05).
Results
All the fractures in both groups united. Outcome data are presented in Table II . The time taken to healing was significantly shorter in the BMP group than in the matched group (p = 0.002). Also, significantly more fractures had healed by 16 (14 vs 6; p = 0.039) and 20 weeks (16 vs 8; p = 0.022) in the BMP group than in the matched group respectively (Fig. 3) . Accelerated healing was seen in perfectly reduced fractures without bone defects. Significantly more of these had healed by 20 weeks in the BMP group than in the matched group (9 of 9 vs 6 of 12; p = 0.016) (Fig. 4) . The healing rates of the perfectly reduced fractures (displacement < 3 mm) without significant bony defects (*, p < 0.05; BMP, bone morphogenetic protein).
THE JOURNAL OF BONE AND JOINT SURGERY
Secondary intervention due to delayed union was required for two patients in the BMP group and seven in the matched group (Table III) . One of those in the BMP group, with an open fracture and a severe bony defect, had revision and introduction of antibiotic-impregnated beads as a spacer. After four weeks the defect was filled with an autogenous cancellous bone graft mixed with Osigraft. At six months a translucent line was still present at the metadiaphyseal junction. This disappeared after application of an additional unit of Osigraft. The other patient in the BMP group, with an open fracture and a moderate bony defect, had primary application of Osigraft without bone grafting, which in retrospect should have been undertaken. Autografting was performed at 14 weeks and the fracture subsequently united.
In the matched group, seven secondary interventions were needed. Six of these were relatively simple fractures with no bony defect (Fig. 2) , while the remaining patient had a bony defect. This suggested that the risk for delayed union without stimulated osteoinduction was also high in patients with good reduction and/or no bony defect (Table  III) .
No significant differences were observed in the time to healing or secondary interventions between smokers and non-smokers in either the BMP (p = 0.8 and p = 0.151) or the matched group (p = 0.791 and 0.519), probably due to the relatively small number of cases. Of the 20 patients in the BMP group, ten were smokers, two of whom had delayed healing, but both had significant bony defects.
There were no deep infections in either group. Pin-track infections defined as discharge, redness, swelling and pain, and verified by bacterial culture were encountered in six patients in the BMP group and four in the matched group. In the BMP group one patient had three infected pin tracks. In the BMP group, all the infections resolved after local pin care and dressing changes and the administration of oral cefalexine (750 mg twice daily for seven days). One patient in the matched group had the frame and all five pins removed because of severe pin-track infection eight weeks after the injury, at which stage bridging callus was already present. The infection healed rapidly thereafter. In the BMP group, normal remodelling of the fracture had started at one year. In the BMP group one patient developed calcification of the soft tissues on follow-up radiographs, but without symptoms.
At the time of injury 16 patients in the BMP group and 13 in the matched group were employed. Of these, 14 and 12 respectively, regained their pre-injury employment. The length of absence from work (p = 0.018) and the duration of the external fixation (p = 0.037) were significantly longer in the matched group than in the BMP group (Table II) .
No significant differences were found between the groups in the mean Iowa ankle scores (p = 0.6) or in the reduction in range of movement of the ankle (dorsiflexion p = 0.71, plantar flexion p = 0.3; Table II ). There was malunion of two fractures in each group. A corrective osteotomy was done in one patient in the BMP group. The other patient in the BMP group and both in the matched group did not want further surgery.
Discussion
Osteoinduction with rhBMP-7 significantly accelerated the healing of distal tibial fractures which were treated by external fixation. This finding is in line with observations on the effect of rhBMP-2 on open tibial fractures treated by intramedullary nailing, 29 and also with the results of an experimental study on tibial fractures in goats treated by external fixation. 13 Together these findings suggest that rhBMP-2 and rhBMP-7 can accelerate the healing of fresh fractures. However, this was not shown by the study of Maniscalco et al 30 in which no difference was found in the time to healing of seven tibial fractures treated with rhBMP-7 and external fixation and of seven treated by external fixation alone.
Our study is the first clinical survey in which rhBMP-7 has been applied to distal tibial fractures. Previous studies have shown that these fractures can have major complications, of which infected nonunion is one of the most difficult to treat. 1, 2, 31 External fixation gives acceptable 32, 33 However, external fixation of tibial fractures is often associated with delayed healing. 34 A high rate of primary or late bone grafting is usually required to promote union. [2] [3] [4] 32 Although metaphyseal fractures usually heal quickly, there are two main reasons why distal tibial fractures treated by external fixation heal slowly; limited muscle cover and a gap between the fracture fragments. In an earlier study on distal tibial fractures we showed that external fixation often left a gap > 3 mm between the fragments and that this was the main cause of delayed union and secondary interventions. 35 The mechanism by which BMPs accelerate the union of fresh fractures is not completely understood. It is generally known that the main action of BMPs is to promote the differentiation of mesenchymal cells to osteoblastic cells, but there is only marginal evidence to show that this process can be accelerated by BMPs in fresh fractures. Initially, we assumed that the accelerated healing of the fracture was caused by the ability of rhBMP-7 to bridge critically-sized defects, and was not due to a direct effect on bone healing. RhBMP-7 is known to be able to bridge defects of long bones. 18 However, when we analysed separately the perfectly reduced fractures without any bony defects, we found that accelerated healing occurred in these cases as well. Accordingly, it seems that rhBMP-7 may have a direct action on bone healing by accelerating the differentiation of stem cells into osteoblasts. In addition, Ramoshebi and Ripamonti 36 have shown that BMP-7 stimulates angiogenesis which may improve the initial induction of bone formation in fractures which have been compromised by insufficient blood supply and poor soft-tissue cover.
The timing of the application of rhBMP may be important. Experimental animal studies have shown that BMP-7 has a restricted period of expression from day 14 to day 21 of fracture healing. 37 Cheng et al 38 suggested that BMP-2, -6 and -9 may be the most potent for inducing osteoblastic differentiation of mesenchymal progenitor cells, while BMP-7 can stimulate osteogenesis in mature osteoblasts. RhBMP-7 was applied in our series at a mean time of 18 days from the injury, a stage at which BMP-7 is normally expressed. It may be that rhBMP-7 may not produce a similar effect if it is applied earlier.
In a recent study, Watson et al 39 suggested that complications, especially delayed union of distal tibial fractures, should be prevented by primary osteoinduction using autogenous cancellous bone grafting. On the other hand, the soft-tissue cover over the distal tibia is limited, and bulky autogenous bony material may encourage wound dehiscence and infection. In randomised clinical studies rhBMP-7 was comparable to autogenous bone grafting in stimulating bone growth. 15, 17 In a study by Friedlander et al, 17 autograft bone was compared with rhBMP-7 in the treatment of nonunion. The risk of infection at the site of implantation was significantly lower in the rhBMP-7 group. Early stimulation of bone formation at the site of the fracture gives increased stability of the fracture and is important in reducing infection. 40 Thus, the application of a small volume of rhBMP-7 in distal tibial fractures with the avoidance of the complications associated with the harvest of bone graft is attractive. Friedlander et al 17 found that 20% of the patients in their autografting group had chronic pain at the donor site.
It is noteworthy that some patients in the matched group without significant bony defects required a secondary intervention, while none in the BMP group did. This may indicate that all patients with distal tibial fractures should have osteoinduction with either autogenous cancellous bone graft or BMP. A disadvantage of the method described here is that an additional incision is needed to apply rhBMP-7 in those fractures which would not otherwise need an open procedure, i.e. type-A fractures. This may be a potential risk for wound infection.
Secondary interventions were required in two patients in the BMP group for delayed healing. Both had significant bony defects. In a study by Watson, Anders and Moed 41 on tibial fractures with bone loss which had been treated by external fixation, 40% needed at least one additional bone grafting procedure for union to be obtained. It seems that in cases of massive bony defects, a BMP implant alone is not sufficient, but should be combined with bone grafting. In contrast, four fractures with minor bony defects in the BMP group in the present study healed without additional measures indicating that rhBMP-7 with carrier may be sufficient to heal wedgetype (> 50% but < 100%) defects of less than 2 cm in length.
We used radiological evaluation of union because of the possible variability in the clinical assessment of union. Radiological union is based on the determination of the number of cortices bridged by callus and the surgeon's general assessment and has been shown to be a reliable and reproducible method. 42 There were no statistically significant differences in the clinical scores between the groups, but four patients had a poor ankle score in the matched group with none in the BMP group, although the follow-up time was shorter in the latter. It is known that in pilon fractures functional results improve for a mean of 2.4 years after injury. 43 Although our study was not randomised, we believe that the findings are not biased by the selection of the patients. The control group of 47 patients from whom the matched group was selected was a consecutive series of patients with distal tibial fractures who had been treated by two-ring hybrid external fixation. Those in the BMP group represented the next 20 consecutive patients who had been treated similarly except for the application of rhBMP-7. The background and treatment data of the matched groups were sufficiently uniform.
In Finland, primary hospital costs account on average for only 13% of the total economic burden caused by injuries, the main burden being indirect costs and lost working days. 44 Here, the use of rhBMP-7 shortened absence from work by a mean of almost three months. This indicates that this treatment, despite the high price of the implant, is costeffective. Based on the findings from this and our previous study, 35 osteoinduction with rhBMP-7 is beneficial in pilon fractures with significant metaphyseal comminution and also in simple fractures, in which post-reduction radiographs show residual displacement of more than 3 mm.
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